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ABSTRACT

The relevance of lattice distortion, polaron conduction, and double-exchange interac-
tion to the occurrence of colossal magnetoresistance (CMR) is investigated by comparing
the physical properties of magnetoresistive manganites and cobaltites. The samples studied
in this work include epitaxial films and ceramics of manganites with both A- and B-site
substitution, (Lao.7Cao.3Mn03,  LaMno.7Nio.303, LaMno.~Nio.503), as well as epitaxial
films and ceramics of cobaltites  (Lao.5Caoo5C003). The structural, chemical, electrical
transport, magnetic, optical properties and tunneling spectroscopy are studied. Based on
our experimental results, we conclude that both double-exchange interaction and strong
electron-phonon coupling due to the Jahn-Teller effect are essential to the occurrence of
CMR.

INTRODUCTION

Recent finding of colossal magnetoresistance (CMR)  in the perovskite  manganites
Lnl _XAXMn03_$ (Ln: trivalent rare earth ions, A: divalent alkaline earth ions) [l-4] have
led to renewed interest in the studies of these compounds which have been known for
their rich magnetic properties. Various experimental investigations[ l-6], particularly the
giant oxygen isotope effect on the Curie temperature (Tc )[5] and the large reduction of
magnetoresistance under a hydrostatic pressures], have lent supporting evidence for the
important role of the strong electron-phonon coupling[7,8]  in the magnetic and transport
properties of these manganites.

To systematically investigate the effects of lattice distortion and Jahn-Teller cou-
pling on the occurrence of CMR, we have recently studied Lao.7Cao.3Mn03 (LCMO ) and
La0.sCa0.sCo03 (LCCO) epitaxial films on different substrates of LaA103 (LAO), SrTi03
(STO), and YA103 (YAO)[9,1O]. These substrates are chosen to provide a range of lattice
constants which allows studies of the effects of tensile and compressive stress of the films.
We find that there are two types of substrate-induced lattice distortion, one is the lattice
strain (Aao/ao  ) which influences the phonon modes and the magnetic exchange interac-
tion, and the other is the lattice relaxation (Aa~ /a~) which induces extrinsic effects such
as the formation of domain walls and dislocations. Here the lattice strain is defined as
the ratio of the difference between the film and bulk lattice constants relative to the bulk
lattice constant (a.), whereas the lattice relaxation is defined as the difference between
the film and substrate lattice constants relative to the substrate lattice constant (a,).



Both the magnetoresistance and the zero-field resistivity of the manganites are strongly
\ correlated with the substrate-induced lattice distortion [9,10], whereas similar lattice distor-
t tion in the cobaltites does not yield any significant effects on the magnetoresistance[9,10].
,. The correlation between the maximum magnetoresistance and the total lattice distortion

(As/a), approximated by taking the geometric mean of (Aao/ao) and (Aa8/a.), in the
LCMO epitaxial films is illustrated in Fig.1. Here the magnetoresistance is defined as
LJRH s [P(O) – P(~)] /P(H). ‘The  significantly different correlation with the lattice distor-
tion between the magnetoresistance of LCMO and that of LCCO can be attributed to the
Jahn-Teller effect and polaron conduction in the former.
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Fig. 1 Correlation of the magnetoresistance (ARH  ) and the substrate-induced lattice
distortion in the manganites Lao,7 C~o~Mn03 (LCMO).  For comparison, the insignifi-
cant effect of lattice distortion on the magnetoresistance  of the cobaltites Lao.5Cao.5C003
(LCCO) is also illustrated.

In this work we present further experimental investigation of the physical properties
of the LCMO and LCCO systems. We find that all measurements on the LCMO epitaxial
films, including the electrical transport and optical reflectivity studies, are consistent with
the presence of strong electron-phonon interadion  in the manganites. Furthermore, the
half-metallic electronic properties in the ferromagnetic state of LCMO also yield interest-
ing spectroscopy associated with the spin-polarized tunneling. On the other hand, in spite
of the small magnetoresistance, the multiple spin configurations of the Co-ions and the
resulting “cluster glass” [11] in LCCO give rise to another interesting new phenomenon, the
giant ferromagnetic Hall effect, with unprecedentedly large ferromagnetic Hall coefficient
for a single-phase material[12]. To investigate the relevance of the double-exchange interac-
tion to the occurrence of CMR, studies on the Ni-substituted  manganites LaMno.7Nio.303
and LaMnoe5h7io.503 (LMNO) are performed. These manganites with B-site doping are
ferromagnets resulting from the superexchange interaction of the Mn3+ and the low-spin
NiIII Jahn-Teller ions [13-15]. Therefore by comparing the magnetoresistance of mangan-
ites with A- and B-site substitution, the role of double-exchange interaction in the CMR
dect may be revealed.



EXPERIMENTAL
*
I The LCNIO, LCCO and

a using stoichiometric targets.
LMNO epitaxial films are grown by pulsed laser deposition
For studying the substrate-induced lattice distortion, 200

nm ;hick films of LCMO and LCCO are grown on different (001) substrates at 700° C in
100 mTorr of oxygen, and subsequently annealed at 900”C of 1 atm oxygen for several
hours. For comparing the relevance of the double-exchange interaction, the LMNO epitax-
ial films with 3070 and 5070 Ni-substitution are grown with similar conditions on the LAO
substrates. The Curie temperature T’c for LCMO is 260 + 10 K, for LCCO Tc = 180 + 5
K, for LMNO with 50% Ni-substitution Tc = 260+ 5 K, and for LMNO with 30% Ni-
substitution Z’c = 155 + 5 K. The lattice constants a, b and c (c -L sample surface) as well
as the epitaxy of the films are determined using high resolution x-ray diffraction (XRD)
and x-ray rocking curves. The valence and core electronic states have been investigated
with x-ray photoelectron spectroscopy (XPS). The electrical transport properties of these
samples, including the zero-field resistivity, as well as the magnetoresistance and Hall ef-
fect, have been studied using conventional four-probe techniques with the van der Pauw
correction [16]. Infrared reflectivity spectra of the LCMO epitaxial films have also been
performed from 50 cm- 1 to 5000 cm-l by measuring both the optical reflectivity and
transmittivit y of the films on substrates and bare substrates [17], The tunneling spec-
troscopy was performed with a low-temperature scanning-tunneling microscope (STM).
These experimental results obtained from different measurements are given below.

RESULTS

Structural and Chemical Properties

The lattice constants and the corresponding lattice strain (Aao  /ao ) and lattice re-

laxation (Aa~/a. ) for the LCMO, LCCO and LMNO epitaxial films on various substrates
are shown in Table I. All samples appear to be single-phase. The quality of epitaxy in
the LCMO and LCCO films has been confirmed with x-ray rocking curves and has been
demonstrated by the atomically smooth images of the surface topography and morphology

Table I The lattice constants, lattice relaxation and lattice strain determined from x-ray diffraction for
L%.7Cao.3MnOs  (LCMO), LaO.sCaO.sCoOs  (LCCO), LaMnO.sNiO.sOs  and LaMm.TNk.@s  (LMNO) @aX-
ial films on substrates of LaAIOs (LAO), YA103 (YAO), and SrTi03 (STO). For comparison, the room
temperature lattice constants in A for the bulk LCMO and LCCO are also tabulated, and the lattice con-
stants for the substrates are: LAO [a = b = c = 3.792], STO [a = b = c = 3.905], and yAO [(a/~) = 3.662,
(~/ti) = 3.768, (c/2)= 3.685].

Compound I Lattice constant [A) I Lattice Relaxation (%) I Lattice Strain (%)

( a / / I i )

LCMO 3.840
Lc!dO/LAO 3.842
LCi10/STO 3.881
LC}!O/YAO 3.862
LCCO 3.797
LCCO/LAO 3.790
LCCO/~AO 3.828
L~i NO/LAO (x=O.3) —
LKINO/LAO (x=O.5) —

3.890 3.860
3.854 3.921
3.927 3.845
3.886 3.899
3.797 3.797
3.790 3.793
3.823 3.777

— 3.884
— 3.881

. .
Aa8/a8 AbJb, Aao/aO

— — —

1.32 1.64 0.05
0.62 0.56 1.07
4.80 3.08 0.57
— — —

-0.05 -0.05 -0.18
4.59 1.41 0.82
— — —
— — —

Abo/bo
—

-0.93
0.95

–0.10
—

-0.18
0.68
—
—

.
Ace/co

—
1.58

-0.39
1.01

—
-0.11
-0.53

—



taken with our STM, as reported in Ref. [10].
% Among both the LCMO and LCCO films of the same thickness, we find the largest

1 lattice distortion in LCMO/YAO and LCCO/YAO  from the x-ray data[9]. The chemical
-. properties of these samples are further characterized with x-ray photoelectron spectroscopy

(XPS)[18]. The room-temperature valence band spectra show no density of states at the
Fermi level for the LCMO and LMNO, and a high density of states at the Fermi level for
the LCCO, as illustrated in Fig.2(a), consistent with the semiconducting and insulating
nature of the LCMO and LMNO, respectively, and the metallic nature of LCCO. More
details of the XPS data taken on the LCCO films have been given elsewhere[18].  Here
we provide new results on the LMNO films in Fig.2(b)  which compare the La 3d and Ni
2p signals of LaMnl -XNiX 03 (z = O, 0.3, 0.5). The structure in each spin-orbit split
component of the La 3d signal reflects strong mixing of final states with ~4f 0 L and
~4f 1~ character, where underscoring denotes a hole and L denotes the oxygen ligand.
The increased intensity of the high binding energy component of the La 3d~/2 signal with
increase Ni substitution results from overlap with the Ni 2p3/2 signal, The Ni 2pl /2 signal
occurs at a binding energy of 872.2 eV, which is consistent with Ni3+ as measured in
LaNi03 [19]. The Ni 2pl/z signal of Ni2+ in NiO occurs at a lower binding energy of
871.3 eV and exhibits a prominent satellite peak at higher binding energy[20] which is not
apparent in the spectra in Fig.2(b). We can therefore conclude that the substitutional Ni
is into the +3 oxidation state and does not dope carriers in the manganites, consistent
with the observed high resistivity. Further support for this finding is shown in the valence
band spectra in Fig.2(a), in which the increase in Ni 3d states near 2 eV with increased
Ni substitution is apparent, but does not result in a clear Fermi edge cutoff which would
be expected with metallic conductivity,

(a)
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10.0 Binding Energy (cV) -2.0 878.0 Binding Energy (eV) 830.0

Fig.2 (a) The room-temperature valence band spectra of the LCMO, LCCO and LMNO
films on LAO substrates. We note the absence of any density of states at the Fermi level
for the LCMO and LMNO, and a high density of states at the Fermi level for the LCCO,
(b) The La 3d and Ni 2p signals of the LaMnl_XNiX03 (z = O, 0.3, 0.5) films. We
note that the La 3d signal reflects strong mixing of final states with ~4f ‘L and @!4f 1 L
character, and that the Ni 2pl/2 signal occurs at a binding energy of 872.2 eV, consistent
with Ni3+ as measured in LaNi03 [19].



Electrical TYansport Properties,
The effects of lattice distortion on the electrical transport properties of LCMO  films on

. substrates of LAO, STO and YAO have been published elsewhere [9, 10], and the correlation
of the maximum magnetoresistance ARH with the lattice distortion (As/a) has been
summarized in Fig. 1. Here we compare the effects of Jahn-Teller  coupling and double-
exchange interaction on the occurrence of CMR by comparing the zero-field and finite-
field (6 Tesla) resistivity (p) vs. temperature (z’) data of the films of LCMO, LCCO
and LMNO films on LAO substrates, as illustrated in Fig.3. We note that in Fig.3(a)
the LCMO system exhibits a resistive peak at Tp where 2“ < Tc, and the corresponding
magnetoresistance ARH given  in the inset is the largest among all films on the LAO
substrate. We also note that the high-temperature resistivity can be described in terms of
the small polaron model, with a polaron binding energy Eb w 0.35 eV[9], comparable to
the Jahn-Teller coupling energy[7].
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Fig.3 Comparison of the resistivity p at H = O and H = 6 Tesla as a function of
the temperature (2’) for (a) LaO.TCaO.sMnOs, (b) L%.5Ca0.s CoOs, (c) LaMnO.s NiO.s Os,
and (d) LaMno.7Nio.303 epitaxial films on LaA103 substrates. The insets illustrate the
magnetoresistance ARH-vs .T data for all four samples.

More specifically, we find that the resistivity data for all LCMO films can be described
according to the expression:

[1Eb
p ( T )  x aTexp —

kBT ‘
(1)

where Eb s 0.35 eV[9]. This energy compares favorably to the Jahn-Teller  coupling en-



ergy[6], suggesting that the high-temperature conduction mechanism is dominated by the
lattice polaron conduction. On the other hand, the low temperature transport properties. .

1 appear to be strongly correlated with the degree of lattice distortion. That is, samples
of larger lattice distortion exhibit larger resistivity ~d magnetoresistance,  as illustrated. .
in Fig. 1, suggesting increasing scattering of carriem du’e to a larger number of magnetic
domains and grain boundaries induced by larger lattice distortion.

In contrast to the peak feature in the p-vs.-T data of the LCMO system, the LCCO
sample reveal monotonic temperature dependence in the resistivity, as illustrated in Fig.3(b),
with orders of magnitude better electrical conduction. The zero-field resistivity has a
anomalous change of slope at Tc, and the magnetoresistance peak occurs at approximately
the same temperature, suggesting that the suppression of the spin-disorder scattering in
the magnetically ordered state due to either high fields or low temperatures is the origin
of magnetoresistance in LCCO.

The LMNO samples both appear to be insulating, (Fig.3(c)  and Fig.3(d)),  and the
sample with 30% Ni-substitution is less resistive than that with 50!Z0 Ni-substitution, show-
ing an anomalous drop in resistivity near Tc before increasing again with further decrease
in temperature, as shown in Fig. 3(d). This small reduction in resistivity at N Tc N 155
K may be related to the presence of a small percentage of Mn4~ and Ni2+ ions[15] which
contribute excess carriers, so that in the ferromagnetic state below Tc, the spin disor-
der scattering of carriers is suppressed. This conjecture is also consistent with the finite
magnetoresist ante in the LaMno.7Nio.303 epitaxial film where the presence of a small per-
centage of Mn4+ and Ni2+ ions[15] results in incomplete ferromagnetic ordering[13,14],
and therefore the resistivity may become smaller upon the application of an external mag-
netic field which reduces the spin disorder
It is also interesting to note that ARH of
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Fig.4 The anisotropic resistivity of LCMO/YAO  and LCCO/YAO films at various tem-
peratures below Tc and for H = 6 Tesla.



sign near Tc, M shown in the inset of Fig.3(d),  which may be related to strong critical
-. fluctuations of spins. We note that the Ni-ions are believed to be in the low-spin state4

with the electronic configuration of t~~e~ [13,14], so that both the Mn3+ and Nilll ions are
. . Jahn-Teller ions. The superexchange interaction between the Mn3+ and NiIII ions[14,15]

gives rise to a moderate ferromagnetic exchange interaction[13].
In Fig.4 we show the anisotropic magnetoresistance at T < Tc in LCMO/YAO and

LCCO/YAO  samples as a function of the angle 0 between the applied magnetic field and
the thin film surface. It is interesting to note the opposite angular dependence in these
two samples, despite the fact that both samples have comparable lattice distortion, as
shown in Table I. A possible explanation for the significant anisotropic resistivity (up to
2570) of the LCMO/YAO  sample may be related to the polaron conduction. That is, for
F parallel to the substrate (0 = 90° ), spins become much better aligned below Tc and
therefore the larger magnetization reduces the polaron unbinding energy, giving rise to
better conductivity. On the other hand, for the LCCO/YAO  film, the small increase of
resistivity (up to 2?lo) as 1? is rotated from the c-axis to the ah-plane may be explained by
the significant substrate-induced reduction of the c-axis lattice constant and the increase
of the a and b-axis lattice constants (see Table I). The lattice distortion thus induced
might favor stronger double-exchange interaction for fields aligned along c-axis (8 = O)
than for fields parallel to the ah-plane (0 = 900), hence the smaller resistivity for ~ II t.

Magnetic Properties

The spontaneous magnetization (Ill. ) vs. temperature (T) data for the bulk LCMO
and LCCO samples are shown in Fig.5(a). To examine the temperature dependence of lf~
near Z’c, we find that

lt4.(T + Tc) = iM~O(l – T/Tc)f (2)

where the critical exponent ~ = 0.50 + 0.01 is consistent with the mean-field theory for
ferromagnets[21], In addition, the first harmonic of the longitudinal magnetic susceptibility
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Fig.S (a) The magnetization (&f) vs. temperature (T) data for bulk LCMO and LCCO
samples. (b) The real part of the ac magnetic susceptibility (47r~’) vs. temperature (T)
data taken at frequencies ~ = 13.72 Hz and j G 1.30 kHz and for H = O.



(x) at two frequencies ~ = 13.72 Hz and ~ = 1.30 kHz is shown in Fig.5(b). It is
-“
1

interesting to note that the real part of the high-frequency ac magnetic susceptibility (x’)
of LCMO is slightly reduced relative to that of the low-frequency susceptibility, and the

. . low-temperature high-frequency # increases slightly until near Z’;, and then drops rapidly
at Z’c. The frequency dependence of x’ in the ferromagnetic state may be understood in
terms of spin relaxation induced by a longitudinal ac excitation[22].

ODtical Properties

The effects of substrate-induced lattice strain on the optical phonon modes have been
revealed by our recent infrared reflectivity y studies[l 7], and the frequency shifts of the
phonon modes are consistent with the XRD results[9,10]. As reported in Ref. [17], we find
that the substrate-induced lattice strain has strong influence on the Mn-O stretching and
Mn-O-Mn bending phonon modes, and has practically no effect on the La (Ca) vibrational
mode. Furthermore, the frequency of the Mn-O stretching mode and that of the Mn-O-
Mn bending mode show much stronger power-law dependence on the lattice constants
(w M a-a for the stretching mode and u w a ‘5 for the bending mode) than that of
the conventional dependence (w cx a ‘3/2 )[23]. In Fig.6, the ratio of the frequency shift
(–Aw/u) relative to the lattice strain (As/a) for the stretching and the bending modes
are illustrated. These large optical frequency shifts in the Mn-O phonon modes due to the
substrate-induced lattice strain are suggestive of strong electron-phonon coupling in the
LCMO system.
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Tunneling Spectroscopy
-.
* Ttmneling spectroscopy was performed on La0.7C~.~MnO~ (LCMO)  and LaMn03

(LMO) films with a variable-temperature scanning tunneling microscope (STM), using a
platinum tip as counter-electrode. Typical junction impedance was * 10Mf2, with the
bias voltage applied to the sample. The current VS. voltage I-V data was converted into
the normalized tunneling conductance [(dI/dV)(I/V) -* – 1] according to the procedure
developed by Feenstra et al.[24]. Figure 7 shows the conductance spectra for LCMO at
77 K, well below the Curie temperature (2’, = 260 K). Pronounced peaks are present
at * +1.75 V, bearing notable resemblance to the spin-split density-of-states spectrum
(shown in inset) calculated for the itinerant Mn 3d and O 2p bands in the ferromagnetic
state [25]. The peaks are absent at room temperature for LCMO in the paramagnetic
st ate[26], as well as for the undoped LMO [26] which shows no CMR behavior. This
overall consistency offers strong evidence of a half-metallic band structure for LCMO in
the ferromagnetic state, and implicates spin-splitting of the itinerant electrons as playing
a key role in CMR[25,26],

I 1 I I 1

-4 -3 -2 -1 0 1 2 3 4

v (vo l t s )

Fig.7 The normalized tunneling conductance [(dI/dV)(I/V)-l  – 1] vs. the bias voltage
(V) of an LCMO/LAO film taken at 2’ = 77 K using a low-temperture STM, well below the
Curie temperature (Tc = 260 K). The pronounced peaks at * &1.75 V are consistent with
the spin-split density-of-states spectrum given in Ref. [25] for LCMO in the ferromagnetic
state, and the gap-like structure with sharp peaks at z 0.35 eV may be associated with
the Jahn-Teller splitting[9,26].



Also noticeable in the conductance spectrum for LCMO at 77 K is a gap-like struc-
%, ture, with sharp peaks at z +0.35 eV. This gap feature is absent for LCMO at room
4, temperature, but also present in the data for LM()[26]. It seems plausible to attribute

this gap feature to evidence for Jahn-Teller splitting which, according to the band struc-. .
ture calculations, should exist in LCMO at low temperatures as well as in the undoped
LMO [26]. Such evidence would be consistent with the models for CMR involving po-
laron conduction[7], and is also in excellent agreement with the polaron unbinding energy
derived from our electrical transport data[9].

DISCUSSION

Our experimental results which compare LCMO, LCCO and LMNO systems are sug-
gestive of the importance of both double-exchange interaction and Jahn-Teller coupling to
the occurrence of CMR. As summarized in Table II, different combinations of the double-
exchange interaction, Jahn-Teller  coupling, and superexchange interaction in these three
families of ferromagnetic perovskites yield various interesting and distinct physical proper-
ties for each system. For instance, the large effects of substrate-induced lattice distortion
on the magnetoresistance[9,10], optical conductivity and phonon frequencies[17]  in LCMO
can be attributed to the strong electron-phonon coupling associated with the Jahn-Teller
effect and the presence of the double-exchange interaction in LCMO [7]. The giant ferro-
magnetic Hall effect observed in LCCO has been attributed to the existence of multiple
spin configurations and the double-exchange interaction of the Co ions [12]; and the small
magnetoresistance in LCCO can be explained in terms of the spin disorder scattering in a
system with highly mobile conducting carriers[9]. The insulating behavior and the small

Table II Comparison of the physical properties of Lao.7Cao.3Mn03, LaO.s CaO.s COOS,
and LaMnl.XNiXOs (x = 0.3, 0.5) epitaxial films on LaA103 substrates.

Perovskite Physical effects Phenomena

LaO ,Cao ~MnOj - Jahn-Teller effect - significant CMR

on LaAIOJ - double exchange (larger CMR from
interaction larger lattice distortion)

- strong optical phonon
frequency shift with large
lattice strain (Boris et al.)

LaO ~CaO ~CoO~ - absence of Jahn- - small A.R~

on LaAIOj Teller effect
- double exchange

- giant ferromagnetic Hall
effect (due to multi-spin

i n t e r a c t i o n states)  (Samoilov et al.)

LaMn,-XNiXOJ - Jahn-Teller effect - high resistivity  insulator

on LaAIO~ -  :Uperexchange - small ARH

mteractlon



magnetoresistance of the LMNO system may be attributed to the superexchange  interac-
4. tion, and the small enhancement of the conductivity at low temperatures in the LMNO
4, system with 30~o Ni-substitution may be related to the existence of a small percentage

-. of the Mn4+ and Ni2+ ions, in addition to the predominant Mn3+ and NilrI ions. These
mixed valences resemble the multiple spin configurations in LCCO which exhibits giant
magnetoresist ante.

CONCLUSION

The effects of lattice distortion, Jahn-Teller coupling, and double-exchange interac-
tion on the occurrence of colossal magnetoresistance (CMR) are investigated by com-
paring the physical properties of Lao.7Ca0.~Mn03  (LCMO),  L~.~C~.~CoO~  (LCCO),
La(Mnoo7Nio.3 )03, and La(Mno.5Nio.5)03 (LMNO) epitaxial films on various substrates.
Our studies reveal that the electrical transport properties and the optical reflectivity of
LCMO are very sensitive to the substrate-induced lattice distortion, suggesting strong
electron- phonon coupling in LCMO. Furthermore, the high-temperature resistivit y in
LCh10 is consistent with polaron conduction, implying the importance of lattice polarons
associated with the Jahn-Teller effect. The relevance of the Jahn-Teller  effect to the oc-
currence of CMR is further confirmed by comparing the physical properties of LCMO with
those of LCCO. The small magnetoresistance and the lack of lattice distortion effects on
the magnetoresistance in the latter may be attributed to the absence of the Jahn-Teller
distortion in LCCO, The importance of double-exchange interaction to the occurrence of
CMR is verified by comparing the LMNO system with LCMO, the former being ferromag-
netic insulators resulting from superexchange interaction among Jahn-Teller cations. The
finding of insignificant magnetoresistance in LMNO suggests that both double exchange
and Jahn-Teller effects are important to the occurrence of CMR. In addition, our tunnel-
ing spectroscopy of LCMO at 2’<< Z’c is consistent with the half-metallic band structure
calculations, suggesting the spin-splitting of the itinerant electrons may play a key role in
CMR.
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